ABSTRACT: The metabolic activity of the rnicrophytobenthos may effect inorganic nutrient exchange across the sediment-water interface. Ammonium exchange across the sediment-water interface was investigated in intact sediment cores and microphytobenthos isolated using lens tissue. Ammonium uptake rates of lens tissue extracts in darkness were 11.4 i 5 pm01 (mg chl a)-' h-' (mean + SE). Uptake by lens tissue extracts was 2 to 5 times greater in the light than dark; however, uptake under illumination was not correlated with photosynthetically available radiation (PAR) ~ntensity. Emersion under d umination and in the dark affected ammonium exchange after immersion in sediment cores. In darkemersed cores there was net ammonium efflux from the sediment into the overlying water after immersion. An illuminated emersion period reduced the flux of ammonium to the overlying water or affected uptake after immersion. There was a significant positive relationship between the length of the period of emersion under illumination (and therefore photosynthesis) and the subsequent ammonium demand of the sediment after immersion. Porewater profiles revealed low ammonium concentrations in illuminated-emersed cores compared to dark-emersed and dark-immersed cores. Ammonium demand in Illuminated-emersed cores was a result of direct and indirect effects by the microphytobenthos. As well as direct ammonium uptake m the light, the production of oxygen probably stimulated oxic bacterial processes such as nitrification (NH4+ + NO,) m the surface of the sediment. These data show that the effect of the illumination and emersion period should be considered when nutrient budgets are calculated for intertidal, cohesive sediments dominated by microphytobenthos.
INTRODUCTION
Estimates of the degree of attenuation of inorganic nutrient (nitrite, nitrate, ammonium, phosphate and silicate) loads by estuaries are vital to our understanding of the ecology of coastal seas. In order to understand nutrient budgets of estuaries and coastal systems it is important to measure, and incorporate into models, the effects of the rnicrophytobenthos on nutrient exchange across the sediment-water interface. Photosynthesis by the microphytobenthos may effect nutrient exchange either directly through uptake or indirectly through oxygenation of the surface layers of sediment; the cumulative effect of microphytobenthic activity may be sufficient to effect nutrient loading in the estuary and consequently input to the coastal sea.
The effect of the microphytobenthos on nutrient exchange has been largely overlooked, despite the fact that photosynthetic biofilms form a substantial part of the biomass of eulittoral sediments (Admiraal 1984 , Wiltshire 1992 , Underwood & Paterson 1993a ,b, de Jonge & Colijn 1994 ) and contribute significantly to total primary production in shallow areas (Revsbech & J~r g e n s e n 1983, Brotas & Catarino 1995). Nutrient fluxes in estuarine systems have usually been measured in darkened cores (Nedwell & Trimmer 1996 , Ogilvie et al. 1997 , Trimmer et al. 1998 , with few exceptions (Sundback et al. 1991) , and typically show an efflux of ammonium from the sediment to the overlying water. However, when illuminated, the micro-limited or non-existent. Oxygen penetration into the sediment may be increased during emersion (Brotas et al. 1990 ). This may result in a stimulation of the aerobic process of nitrification (NH4+ + and potential inhibition of the facultative anaerobic process of denitrification (No3-+ N2). It has been shown that the flooding of intertidal muds results in a rapid release of ammonium (Falcgo &Vale 1995 , Cabrita 1997 in Portuguese estuaries over a time-scale of minutes. Such effects will not be accounted for in work which uses permanently flooded cores from intertidal sediments. The effect of light on nutrient exchange needs to be established on intertidal sediments and at subtidal locations where light penetrates the water column and reaches the sediment surface.
This work resulted from observations during annual surveys in the Colne and Great Ouse estuaries (east coast, UK) that the direction of ammonium flux was affected by illumination and darkness (Thornton et al. unpubl.) . The aim of the present work was to test 3 hypotheses: firstly, that net ammonium uptake by sediments is affected by the microphytobenthos under illumination; secondly, that the length of emersion period effects the magnitude of ammonium flux on immersion; and, finally, that there may be a rapid and significant exchange of ammonium during the first few minutes after immersion which is not accounted for Fig. 1 The Colne estuary system on the east coast of Bntain (see inset) showing the position of the sampling site in Alresford Creek (51°50'N, l 0 0 ' E ) and ' * permanently sewage treatment works along the estuary tlooded cores phytobenthos may have a strong regulatory effect on the efflux of nutrients from the sediment in estuaries (Rysgdard et al. 1995) .
Much of the work carried out on nutnent exchange has investigated sublittoral (Sundback et al. 1991 , Hall et al. 1992 , Rysgaard et al. 1995 , Conley et al. 1997 , Gilbert et al. 1997 ) and subtidal (Nedwell & Trimmer 1996 , Trimmer et al. 1998 sites. Attempts have been made to account for the effect of emersion period on nutrient exchange (Feuillet-Girard et al. 1997 ), but in this work the sediment was immersed during the emersion period. During the emersion period the physical state of the mudflat surface changes due to drainage and evaporation (Feuillet-Girard et al. 1997 ) and nutnent exchange across the sediment surface in the aqueous phase is
MATERIALS AND METHODS
Site characteristics. Samples weie taken in Alresford Creek (51°50'N, 1°0'E), which is part of the Colne estuary system (Essex, UK). The Colne is a relatively small (approximately 16 km long; Underwood et al. 1998 ) eutrophic estuary which runs into the North Sea on the east coast of England (Fig. 1 ). There is a pronounced gradient of nutrients (NO3-, NH,+ and pOA2-) contrary to the salinity gradient (Ogilvie et al. 1997) . A large sewage treatment works serving Colchester is located at the head of the estuary; concentrations of nitrate and ammonium may exceed 1 m.M in this region (Ogilvie et al. 1997) . Alresford Creek was chosen as it has been used in previous work; it is rep-resentative of the central section of the estuary, General methods. Water samples for nutrient analyhalfway along the pronounced nutrient gradient, sis were filtered through glass fibre (GF/C) filters and where there are extensive intertidal mudflats of cohestored at -20°C until analysis. Nutrient concentrations sive muds characterised by silts.
(nitrate + nitrite, ammonium, silicate and phosphate; Experimental approach. Experiments were conAmerican Public Health Association 1995, Kirkwood ducted with sediment cores and lens tissue extracts of 1996) were measured using a segmented flow autoanthe microphytobenthos incubated in the laboratory at alyzer (Skalar Skalar Analytical B.V., The in situ temperature. On each sampling occasion Netherlands). Ammonium was also measured manu- (Table 1) site water was collected and sediment cores ally (Krom 1980) . were taken at random from the mid to low shore. On Chl a was extracted from freeze-dried sediment (sureach sampling occasion 5 cores (80 mm internal diamface 0 to 0.5 cm) with cold methanol over 24 h and eter, 20 cm deep) were taken to characterise the site measured spectrophotometrically, correcting for phasediment. The cores were returned to the laboratory eopigments (Stal et al. 1984) . In situ site water temperwithin an hour of leaving the site and subsamples of ature was measured using an alcohol thermometer and the surface 0 to 5 mm were taken randomly with minisalinity with a hand-held refractometer. Photosynthetcores (18 mm internal diameter). The site sediment ically available radiation (PAR) was measured with a was characterised by measuring porosity (determined Skye light meter (Skye Instrunlents Ltd, UK). from the wet and dry weights of a known volume of Expt l-effect of PAR on ammonium uptake by isosediment), ash-free dry weight (AFDW, 550°C for 1 h; lated microphytobenthos. Microphytobenthos was exUnderwood & Paterson 1993a,b) and chlorophyll a tracted from sediment using double layers of lens tis-(chl a) (see below). Two sizes of Perspex core tubes sue on exposed mud for 30 rnin (Eaton & Moss 1966) . were used in the experimental work: small cores Both layers of lens tissue were removed from the mud (34 mm internal diameter, 30 cm long) which were and the microphytobenthos extracted by agitation in sealed with a rubber bung, and large cores (80 mm artificial seawater (Tropic MarinTX4 sea salts) at 30% internal diameter, 65 cm long) which were sealed with (equivalent to the high tide salinity). Extracted microsilicone rubber bungs after adjusting the headspace phytobenthos was stored in aerated flasks overnight at volume above the sediment to 500 m1 by pushing the in situ temperature ( Table 1 ). The air was humidified bung up the core tube. All cores were submerged by passing through Milli-Q water (Millipore, Molovernight at the in situ temperature (Table l ) under sheim, France) before the flask. There were negligible vigorously aerated site water in the dark, which stirred traces of ammonium and nitrate in the Tropic MarinTM the water above the sediment and simulated nightsea salts. time immersion. Experiments were carried out the next Incubations (15 min) were made in a flooded polday. In all experiments site water was used to immerse ished steel tray in a water bath at in situ temperature the cores. Illuminated incubations were made under under 2 lamps during the emersion period. Aliquots of 500 W halogen lamps using a cooled Perspex tray of 25 m1 were placed in 30 m1 universal bottles (Bibby water as a heat screen. At the end of each experiment Sterilin, Stone, UK) and spiked with 0.25 m1 NH4C1 the exact headspace volume above the sediment was made up in artificial seawater (30%0, Tropic Marin'") measured in each core, sediment was taken for chl a to a final concentration of 20 PM. A PAR gradient (14, analysis and the number of worm burrows were 26, 33, 41, 48 and 100 % of incident PAR) was achieved counted to give an indication of infauna activity.
by wrapping the universal bottles in layers of muslin, which acted as a neutral density filter. Dark bottles were wrapped with alu- Table 1 . Physical and biological characteristics of the s~t e at Alresford Creek minium foil. There were 3 replicates at (5l050'N, loO'E) during 1997 and 1998. Values = mean r SE; n = 5 for porosity.
level of PAR. experimental ash-tree dry weight (AFDW), chlorophyll a (chl a); n = 3 tor ammonium concentration runs were carried out, with 100 % PAR of 1000 and 500 pm01 m-' S-' respectively. Uptake rates were calculated from the loss of ammonium from the medium and were normalised to chl a extracted from GF/C filters.
Expt 2-effect of emersion and light on sediment O2 uptake and ammonium exchange. Nine large sediment cores were taken. The following day, 6 of the cores were drained of site water during the in situ emersion period. Three of the emersed cores were incubated under halogen lamps (120 pm01 m-2 S-') and 3 cores were placed emersed in the dark. The remaining cores were left flooded under aerated site water in the dark. The treatments will be referred to as light, dark and control hereafter. After 6.5 h, the emersed cores were flooded by gently immersing the cores in site water using a large syringe. All cores were capped, ensuring that no air bubbles were trapped in the headspace, and stirred with an induction motor driving a magnetic follower (Rank Brothers Ltd, Cambridge, UK). Oxygen uptake was measured over 90 min in the dark using oxygen electrodes (model 1302, Strathkelvin Ltd, Glasgow, UK) fitted through the cap of each core. This measurement time was that required to produce a measurable linear oxygen uptake rate, while ensuring that the oxygen saturation within the headspace did not fall below 80 %. The electrodes were interfaced to a computer via a 10-channel oxygen meter (Essex Electronics, Colchester, UK). The data analysis software (Notelog@, Garrat Consultants, Colchester, UK) allowed continuous logging of the oxygen concentrations in all the cores simultaneously (see Nedwell & Trimmer 1996) . The electrodes were calibrated using Winkler titration (Strickland & Parsons 1972) to determine the oxygen concentration of 100 % saturated water. Water samples were taken for ammonium analysis at the start and finish of the dark-immersed period.
Expt 3-effect of light and emersion period on ammonium exchange. Small cores were collected and experiments were carried out during the 2 d after collection of the cores. The cores were treated as shown in Table 2 during the in situ low tide period, with triplicate cores for each treatment. Three experimental runs were carried out with 3 different emersion periods (2, 4 or 6 h). After emersion the cores were flooded with a syringe (20 ml) and incubated under the conditions listed in Table 2 . The water column above the sediment was mixed by passing a humidified air stream Table 2 . Treatments used to investigate the effect of emersion time (2, 4 and 6 h) and illumination on ammonium exchange across the sediment-water interface. Emersion period corresponded to the period of low tide in which cores were taken the previous day To examine the effect of emersion period on porewater concentrations in the surface of the sediment, an extra 9 cores were incubated. Three replicates were incubated emersed in the light, emersed in the dark and immersed in the dark. These cores were sacrificed after the emersion period and porewater was separated from the surface l cm of sediment by centrifugation (3620 X g for 10 min), the porewater was filtered through GF/C filters and stored frozen for ammonium analysis.
Expt 4-short-term ammonium exchange after immersion. Nine large cores were treated as in Expt 2; 3 were emersed under light (120 pm01 m-' S-'), 3 in the dark and 3 controls were left fully submerged. After an emersion period of 6.5 h, emersed cores were flooded with a syringe (20 ml). At least two-thirds of water above the controls was changed to ensure that the differences between the treatments were due to immersion rather than water movement above the sed.iment. After immersion, all treatments were incubated in the dark; water samples for ammonium analysis were taken after 0, 15, 30, 60, 120, 360 and 1260 min. The water column above the sediment was mixed by passing a humidified air stream through 5 mm bore silicone rubber (5 mm i.d.) tubing suspended 2 cm above the sediment surface. Nutrient fluxes were calculated by subtracting the ammonium concentration at time zero from the ammonium concentration taken at the end of each time period.
Expt 5-effect of light and emersion on porewater ammonium concentrations. Twelve sediment cores (80 mm i.d., 20 cm long) were collected at low tide, and overlying water was collected the following high tide (Table 1) . The cores were submerged in site water and left overnight in aerated water outside under ambient conditions. Eight cores were drained coinciding with the in situ emersion period, and incubated outside at ambient temperature. Four of these drained cores had light excluded with aluminium foil (dark treatment), the other 4 cores were incubated under ambient PAR (light treatment). PAR fluctuated throu.ghout the 5 h incubation due to cloud cover from 250 to 1500 pm01 m-2 S-'. The remaining cores were incubated under site water in the dark at ambient temperature (controls). After 5 h, 1 core from each treatment was sacrificed for chl a (3 replicates from each core) and the remaining cores were sectioned (0-0.5, 0.5-1.0, 1.0-1.5, 1.5-2.0 and 2.0-3.0 cm) and the porewater was extracted by centrifugation. The extract was filtered through GF/C filters and stored frozen for ammonium analysis.
Data analysis. Multiple conlparisons were made by analysis of variance (ANOVA) followed by post hoc Tukey tests (SYSTAT Products 1997).
RESULTS
uptake when illuminated, compared to rates in darkness (Fig. 2) . However, there was no significant relationship between PAR intensity and rate of uptake. The data indicate that anlmonium uptake was possibly saturated at the lowest PAR intensity of 70 pm01
Expt 2-effect of emersion and light on sediment O2 uptake and ammonium exchange
In either the light or dark, emersion had no significant effect on the subsequent benthic O2 uptake rate once cores were immersed (Fig. 3a) . However, treatment during the emersion period did significantly (& = 6.132, p i 0.05) effect ammonium exchange on subsequent dark immersion compared to the controls (Fig. 3b,c) . Ammonium fluxes were greater in the emersed treatments compared to the controls. There was a lower flux of ammonium to the overlying water in the light-emersed compared to the dark-emersed treatment. This pattern was not due to an uneven distribution of microphytobenthos on the surface of the cores as the pattern was maintained when the flux rates were normalised to sediment chl a (Fig. 3c) . Worm burrows were recorded in most of the cores (5.8 + 3.7; mean e SE); however, there was no correlation between the magnitude of ammonium flux and the number of worm burrows in the cores. Site characteristics on all sampling occasions are shown in Table 1 .
Expt 3-effect of light and emersion period on ammonium exchange Expt l -effect of PAR on ammonium uptake by isolated microphytobenthos Isolated microphytobenthos exhibited significantly higher (F14,33 = 3.952, p 0.001) rates of ammonium h control dark light
The effect of treatment and emersion period on ammonium exchange across the sediment-water interface is shown in Fig. 4 . In those treatments (Table 2) which were placed in the dark throughout the experi- Treatments were: dark-emersed + dark-emersed (DD), darkemersed + light-immersed (DL), light-emersed + lightimmersed (LL) and Light-emersed + dark-immersed (LD). See Table 2 ments (control and DD) there was a net flux oi ammonlum from the sediment into the overlying water. In the treatment in which the cores were placed under illumination throughout the experiments (LL) there was a net uptake of ammonium (Fig. 4 ) from the overlying water or a significant reduction in flux to the overlying water compared to the dark treatments (control and DD). Treatments which were exposed to illumination and darkness (LD and DL) showed an intermediate reaction to illumination; these treatments exhibited a lower ammonium flux to the overlying water or net ammonium uptake compared to DD. Therefore, light had the effect of reducing the flux of ammonium to the overlying water and sometimes resulted in a net ammonium uptake upon immersion. There were significant effects of treatment (DD, DL, LL & LD), emersion period (2, 4 or 6 h) and flux time (integrated over 2 or 4 h) on the exchange of ammonium across the sediment-water interface. There were significant (p < 0.05) interactions between treatment and emersion period, and emersion period and flux time, affecting ammonium exchange. However, there was no significant interaction between treatment and flux time or all 3 factors in affecting ammonium exchange. Th.e analysis (3-way ANOVA, p < 0.05) was carried out on the emersed treatments, the 'control' (permanently immersed) data was removed as the variation in emersion time was irrelevant to this treatment.
ANOVA indicated that treatment and flux time effected ammonium exchange. Normalising the flux data to the controls (Fig. 5 ) allowed direct comparison of the effect of emersion period on ammonium exchange in different treatments. There were significant (p < 0.01) negative linear relationships between the length of emersion period and ammonium exchange, except in the DD treatment ( Table 2) . With longer emersion periods, there was a greater ammonium demand by the sediment on immersion; this led to net uptake of ammonium by the sediment after 6 h emersion periods (Fig. 5) .
Expt 4-short-term ammonium exchange after immersion
There was a significant difference between treatments and a significant interaction between treatment and time in affecting ammonium flux (2-way ANOVA, p c 0.05) (Fig. 6a) . Normalising the flux rates to sediment chl a maintained the patterns observed in the data (Fig. 6b) . Cores which were emersed in the light had a lower flux of ammonium to the overlying water than the dark treatment. There was net ammonium uptake by the control treatment; this result was unexpected and counter to previous ddtd (Figs. 2 to 5 ) and the dark data from this experiment (Fig. 6) .
Expt 5-effect of light and emersion on porewater ammonium
There were significant differences (2-way ANOVA, p < 0.05) in porewater ammonium concentrations (Fig. 7 ) with depth and treatment, and there was an interaction between the 2 factors. The profiles of the dark treatment cores were similar to the controls compared to the light treatment. In all treatments there g o ' c i 2 0 0 1 : Table 2 was an increase in ammonium concentration with depth. When the porewater profiles were integrated from 0 to 3 cm depth, the mean (i SE) ammonium concentrations were 601 + 158 (control), 452 * 93 (dark) and 199 15 pM (light). These data were consistent with results from Expt 3; after a 6 h emersion period there was a significant difference (p 0.01, Student's t-test) in porewater ammonium concentrations between light-and dark-emersed cores. After illumination there was half the free ammonium concentration (179 i 10 pM) (mean * SE) in the surface 0 to 1 cm compared to the dark (367 + 18 PM).
DISCUSSION
The results of these experiments demonstrate that photosynthetic activity during illuminated emersion periods effects ammonium flux across the sedimentwater interface on subsequent immersion. Emersion of sediment cores under illumination either reduced the flux of ammonium into the overlying water on immersion compared to dark emersion or induced net ammonium uptake from the overlying water. Associated with a greater ammonium demand by the sediment after periods of illuminated emersion was a run-down of the porewater ammonium in the sediment surface (0 to 3 cm).
The lens tissue method isolated representative microphytobenthos from sediment dominated by epipelic diatoms (Underwood et al. 1998 , Smith 1999 and therefore the observed ammonium uptake rates in the dark and under illumination were due to direct uptake by the microphytobenthos. Rates of uptake in the dark were approximately 10 pm01 (mg chl a)-' h-' compared to rates of 25 to 50 pm01 (mg chl a)-' h-' under illumination. These rates were similar to nitrogen uptake rates by estuarine phytoplankton (2 to 70 pm01 [mg chl a]-' h-'), where ammonium contributed 82 % of the annual nitrogen demand (Pennock 1987) . Rates of ammonium uptake by the microphytobenthos under illumination could account for the observed effect of light emersion on ammonium exchange across the sediment-water interface. Cores emersed under illumination in Expt 2 (Fig. 3c ) exhibited a flux of approximately 20 1.1mol (mg chl a)-' h-' less ammonium to the overlying water on immersion compared to cores which were emersed in the dark. Similar effects were seen in Expt 3; in all cases the difference in ammonium flux between illuminated and dark-incubated sediments could be accounted for by direct uptake by the microphytobenthos in the light, assuming the rates of uptake by the microphytobenthos were similar to those observed in Expt 1. The mean difference in ammonium flux between the DD and LL treatments (Expt 3) was 3 to 30 pm01 (mg chl a)-' h-' (Fig. 4) .
Bioturbating infauna are known to effect nutrient exchange across the sediment-water interface (Clavero et al. 1991 , Marinelli 1992 , Rysgaard et al. 1995 . Nereis diversicolor was present in the sediment from whlch the cores were sampled. However, the number of worm burrows did not correlate with the magnitude of nutrient fluxes. Cores were taken from a small area of sediment to minimise differences in infaunal density between them.
Expt 5 showed that there was run-down of porewater ammonium in the top 3 cm of illuminated sediment compared to the dark, and an increase in ammonium concentration with depth. Increasing ammonium concentration with depth is well established in estuarine sediments (Feuillet-Girard et al. 1997 , Trimmer et al. 1998 . Sundback et al. (1991) found that porewater ammonium was lower in the surface layers of sediment cores (0 to 1.5 cm) exposed to a diurnal light-dark regime compared to dark-incubated cores, and there was a significant difference in the magnitude of ammonium flux and sometimes the direction of flux in cores incubated on light-dark cycles.
In the emersed cores there was a run down of ammonium to a depth of at least 3 cm, a depth much greater than the photic zone in estuarine sediments. A 1 % light transmission occurs at 1.1 mm in estuarine sand and at 0.14 mm in estuarine mud (Colijn 1982) . Photosynthetic oxygen production may have stimulated nitrification (NH,' + NO3-) by aerobic bacteria in the oxic zone of the sediment Risgaard-Petersen et al. 1994 ) and caused a run-down of ammonium to a depth greater than the photic zone. However, although photosynthesis may have increased oxygen penetration (Risgaard-Petersen et a!. 1994), the sediment would not have been oxic to a depth of 3 cm. Emersion induces greater oxygen penetration, compared to immersion, in sandy sediments (Brotas et al. 1990 ). However, oxygen penetration during emersion is dependent on sediment type. Brotas et al. (1990) found no difference in oxygen penetration between organically rich muds during emersion and immersion, indicating that emersion would not have affected oxygen penetration in the similar sediments of Alresford Creek. Uptake by the microphytobenthos and stimulated nitrification would have contributed to the run-down of ammonium in the sediment to the observed depth of 3 cm. It is unlikely that diffusion into the oxic zone could account for the observed run-down to 3 cm depth in this work and 1.5 cm observed by Sundback et al. (1991) . These depths, in both our work and that of Sundback et al. (1991) , represent the maximum depth sampled and not the maximum depth of ammonium run-down in illuminated sediments. The actual ammonium run-down within the sediment may have been to an even greater depth.
Length of emersion period effected ammonium exchange across the sediment-water interface. Long emersion periods under illumination reversed the direction of ammonium flux, resulting in ammonium uptake from the overlying water on immersion. There was a reduction in ammonium efflux from the sediment to the overlying water with shorter illuminated emersion periods. In previous work using estuarine sediments a net flux of ammonium ~n t o the overlying water was observed (Nedwell & Trimmer 1996 , Ogilvie et al. 1997 , Trimmer et al. 1998 ; however, these data were based on cores which were constantly immersed in the dark, with no account for either the emersion period or illumination. In Portuguese sediments there was a rapid flux of ammonium to the overlying water (Falcao & Vale 1995 , Cabrita 1997 as the sediment was flooded. The suspended loads of estuaries on the east coast of southern England are very high and it is unlikely that the surface of the sediment will receive any light after flooding with more than a few cm depth of water (mean vertical light extinction coefficient was 2.63 m-' near Alresford Creek between September Fig. 8 . A summary of the effects of the microphytobenthos on nitrogen fluxes across the sediment-water interface in the light and dark. Arrow width serves as a hypothetical indicator of flux magnitude. The 'units' are ammonium uptake rates by the microphytobenthos in pm01 (mg chl a)-' h-' (a) Dark processes. These processes may occur during both immersion and dark emersion perlods. Ammonium and nitrate exchange ( ' ) will only occur underwater during the inlrnersion period. Regeneration of porewater ammonium occurs during these periods and there is a net flux to the overlying water during immersion. (b) Light processes. These processes will only occur during daylight emersion penods. There is an increased ammonlum demand within the sediment by the microphytobenthos, and nitrifying bacteria stimulated through photosynthetic oxygen production. Ammonium demand leads to a run-down of ammonium in the surface of the sediment. (c) Dark processes after an illuminated emersion period. The previous illuminated emersion period continues to effect sediment processes into the following dark immersion period, leading to a continued ammonium demand by the sediment which may last several hours. There may be net ammonium uptake by the sediment or a reduced flux of ammonium to the overlying water and September 1995 , Koqum 1998 . Therefore, 1996 , Ogilvie et al. 1997 , Trimmer et al. 1998 . The prethe likely situation in situ is DD (emersion at night folsent study indicates that, where intertidal sediments lowed by immersion during the day or night) or LD are dominated by microphytobenthic biofilms, the (emersion during the day followed by immersion durcombined effects of emersion period and illumination ing the day or night).
will result in reduced fluxes of ammonium to the overIn the environment the microphytobenthos are lying water column on immersion. On the macro-scale exposed to inorganic nitrogen in the form of nitrate as this will lead to a reduced export of dissolved inorganic well as ammonium. It is established that ammonium is nitrogen (DIN) to the coastal sea from estuaries with more readily assimilated by marine phytoplankton extensive microphytobenthic biofilms. DIN will be than nitrate (Dortch 1990) . In estuarine benthic diaassimilated by the microphytobenthos and transtoms there is an assimilation preference for ammonium formed into biomass, this biomass will eventually be over nitrate (Admiraal et al. 1987, Feuillet-Girard et al. transported from the mudflats as particulate organic 1997). Our data showed that illumination affects the nitrogen or mineralised back to ammonium. exchanae of the ~r i n c i~a l inorcranic nitroaen source of the m i c~o p h y t o b~n t h o~ 8 summari;es the r e l a
